To test the feasibility of using the deaf white cat model of early-onset deafness. We studied the neuronal effects of prosthetic intervention with a clinical, "offthe-shelf" multichannel cochlear implant.
I
T HAS LONG BEEN KNOWN THAT SENsory deprivation in the developing animal has a profound effect on the maturation of brain structure and function. For example, covering one eye of a kitten causes the cortical projections of the uncovered eye to expand into the covered eye's territory. 1 When the eye is uncovered, the visual cortex remains unresponsive, and the animal is functionally blind in the deprived eye. These results resemble amblyopia caused by pathologic monocular occlusion in human infants, and these observations led to early intervention to prevent permanent amblyopia in these infants (eg, see von Noorden 2 ). These and similar kinds of observations have generated the idea that there is a critical period during development when the central nervous system needs environmental stimulation.
Studies of a critical period in audition have been difficult because complete deafening procedures are irreversible, and simple occlusion does not eliminate spontaneous activity in the auditory nerve. However, a crude form of activity can be restored in the completely silent auditory system with a cochlear implant. Clinical experience with cochlear implants suggests that there is a sensitive period for auditory development. Postlingually deafened adults have the best outcomes after cochlear implantation, presumably because their deafness occurred after the critical developmental period for spoken language. Prelingually deafened adults have great difficulty achieving acceptable aural communication skills. Among children, success is negatively correlated with age at implantation and duration of deafness. These observations imply that childhood deafness introduces developmental abnormalities into the central nervous system that are expressed as an inability to process auditory stimuli as an adult. 3, 4 Our research has been directed at understanding the changes that occur in the auditory system during the critical period for auditory development.
ORIGINAL ARTICLE
Cortical functional imaging techniques have demonstrated central auditory function in patients with cochlear implants. Positron emission tomography (PET) is a technique for detecting the location of positronemitting radioisotopes within the subject. In the brain, metabolically active isotopes in the blood concentrate in regions of higher neural activity through autoregulation of regional cerebral blood flow (rCBF). Relative neural activity can thus be represented in a topographic color image that is usually overlaid on a higher-resolution image, such as one obtained from magnetic resonance imaging (MRI) or computed tomography. Normal-hearing subjects show increased rCBF during a listening task in both primary auditory cortex and secondary auditory cortical areas. Primary auditory cortex is involved in the processing of all sounds, whereas secondary auditory areas process increasingly more complex sounds, including speech. Postlingually deafened implant recipients show increases in primary and secondary auditory rCBF during implant use, similar to increases seen in normalhearing subjects. In contrast, prelingually deafened patients generally have lower rCBF in auditory cortex during implant use, and increases in rCBF are restricted to primary auditory cortex contralateral to the implant (Figure 1) . [5] [6] [7] The implication may be that in the prelingually deaf patients, corticocortical connections between the primary auditory area and higher-ordered areas were not established during early development. Moreover, the data suggest that these connections cannot be formed in the adult.
Interestingly, studies suggest that increased baseline auditory cortical activity occurs in prelingually deaf patients. This effect has been attributed to cross-modal cortical plasticity where one functional area (eg, visual cortex) is used to perform the function of another (eg, listening with imaginary lipreading). 8, 9 The underlying circuitry might involve a change in corticocortical connections or changes at lower levels of the auditory system. Functional MRI, based on blood oxygenation leveldependent contrast, can reveal changes in cortical activity with greater spatial and temporal resolution than PET. Solutions to the technical challenges of functional MRI in cochlear implants are being developed that may ultimately allow a more detailed look at cortical function in cochlear implant recipients. 10 Functional MRI studies comparing prelingually and postlingually deaf patients with cochlear implants have not been published. In addition, the resolution of available functional imaging techniques remains far below that required for detection of changes in cells and synapses. For this reason, animal models of congenital sensorineural deafness are critical to elucidate the central auditory consequences of deafness and cochlear implantation. One such animal is the deaf white cat. 
ANIMAL MODELS The Deaf White Cat
Deaf white cats have abnormal inner ear structure that results in complete sensorineural deafness from birth. The genetic cause of this deafness is unknown. Although hair cells are absent, spiral ganglion cells are generally present in young deaf cats, but these spiral ganglion cells progressively degenerate over the first few years of life. 11 In these cats, there is no detectable spontaneous activity in the auditory nerve. 12 The deaf white cat also has abnormal auditory cortical function, most likely due to sensorineural deafness. 13 Klinke et al 13 measured cortical activity with electrodes in deaf cats during electrical intracochlear stimulation of the auditory nerve. The researchers described decreased activity in congenitally deaf cats compared with cats deafened immediately before experimentation. Specifically, auditory association areas peripheral to pri-mary auditory cortex were not active in congenitally deaf cats. This result suggests decreased corticocortical connectivity in cats with long-term deafness. The researchers also found an increase in cortical area activated by electrical stimulation in cats that wore cochlear implants and processors for several months. This observation suggests that auditory cortex is recruited for auditory processing after experience with the cochlear implant. It seems reasonable to hypothesize that significant morphologic changes in primary auditory cortex accompany the physiologic changes indicated by functional imaging in humans and cortical recordings in the deaf white cat. We are currently investigating the neuroanatomic correlates of these changes to determine whether they can be explained by changes in corticocortical connectivity.
Other structural abnormalities are found in the deaf white cat at lower levels of the auditory system, including the brainstem. Changes at these levels are likely to affect the auditory information received by the cortex. Specifically, research in our laboratory has identified changes in a unique presynaptic specialization, the endbulb of Held, which marks the termination of auditory nerve fibers in the cochlear nucleus (Figure 2) . 14, 15 The unique shape of the endbulb and its location with respect to the postsynaptic cell suggest special functional importance. It is hypothesized that these endings ensure that neural activity is tightly coupled in time to acoustic events. Circuits that use endbulbs are thought to preserve rapid transients used in communication signals 16 and are presumed to play a critical role in temporal processing, sound localization, and perception of pitch.
Deafness has a prominent effect on the structure of the endbulbs of Held. It appears that branching complexity in endbulbs is associated with hearing sensitivity. Endbulbs of normal-hearing cats are highly branched, whereas those in cats with progressively poorer hearing are smaller and less branched (Figure 3 ). 17 Electron microscopy has revealed that the endbulbs of deaf cats contain far fewer synaptic vesicles and a slightly increased mitochondrial volume fraction. Furthermore, the synapses of deaf cats are significantly longer and flatter than those of hearing cats, and the postsynaptic material appears thicker (Figure 4 ). 17 The postsynaptic cell seems to compensate for lack of activity by an up-regulation of synaptic area and an increase in material on the postsynaptic side. Such a response might ensure that the postsynaptic cell will not miss any transmitter released by the presynaptic ending. On the other hand, abnormalities such as reduced synaptic vesicle density suggest that endbulbs of deaf animals are less efficient at reproducing rapid signals from the auditory nerve.
The Shaker-2 Mouse
We examined the endbulbs in another congenitally deaf animal, the Shaker-2 mouse, to verify that the synaptic phenotype results from deafness and not the deaf white cat syndrome. The deafness of the Shaker-2 mouse is caused by a point mutation that affects myosin-15, a protein expressed primarily in stereocilia of the cochlear hair cell. 18 The endbulbs of heterozygous (hearing) Shaker-2 mice resemble those of normal-hearing mice, cats, and other mammals. In contrast, endbulbs of homozygous (deaf) Shaker-2 mice are sparsely branched (Figure 5 ), resembling those of the deaf white cats. At the electronmicroscopic level, clear differences in synaptic structure are apparent in affected mice. The hearing mice have distinct punctate synapses, whereas the mutant deaf mice have larger synapses. In size and distribution of the postsynaptic densities, deaf animals have hypertrophied synapses. 18 Because cats and mice are not closely related, and because the underlying cause of deafness appears different, we propose that these abnormalities are due to deafness.
METHODS

COCHLEAR IMPLANTS
The effects of congenital sensorineural hearing loss on neural structure was explored using miniaturized cochlear implants manufactured (and donated) by Advanced Bionics Corporation (Sylmar, Calif) to restore hearing in 3-and 6-month-old congenitally deaf white kittens. Four devices were Clarion II high-focus implants, manufactured with a smaller 6-electrode array for use in cats. This device can be controlled using a speech processor identical to that used with human patients or through a programmable interface for specialized applications. Features of this implant include simultaneous stimulation and recording from the implant electrodes, a biphasic pulse width of 21.6 microseconds, and use of the smaller, lighter, "behind the ear" processor that can be carried by small kittens. 
PROCEDURE
Our surgical technique was modeled after that used in human patients. We fixed the receiver on the animal's skull with sutures anchored through holes drilled in the orbital ridge and modified the surgical approach to the round window to accommodate the anatomy of the cat. The sutures were reinforced by a fibrous capsule of tissue that formed following surgery. One animal became infected around the receiver, and the experiment had to be terminated after only 2 months of stimulation, perhaps in part due to violation of the frontal sinus during receiver fixation.
An important consideration in cochlear implant surgery is avoiding the facial nerve in the approach to the cochlea. The facial nerve exits the temporal bone through the stylomastoid foramen, which in the cat is a small fenestration in the bulla a few millimeters posterior to the external auditory canal. 19 Injury to the facial nerve, quantified by impaired outer eyelid functioning, was observed in 1 animal. Morbidity caused by this damage was insignificant because the cat's nictitating membrane, which receives motor and sensory innervation from the trigeminal nerve, moistens and protects the cornea in the absence of outer eyelid movement. Figure 5 . Drawing-tube reconstructions of endbulbs (EBs) from the Shaker mouse illustrate differences in EB structure associated with deafness. The EBs from deaf mice are smaller and less branched than those from hearing mice. The structure of these EBs resembles that of deaf and hearing cats, respectively. Collectively, the cat and mouse data suggest that EBs are highly reactive to the presence or absence of sound. Adapted from Figure 9 Electrode array position was confirmed with plain-film radiography after surgery (Figure 6 ). Typically, 5 or 6 electrodes were placed within the cochlea at an estimated depth of 12 to 15 mm from the round window opening. The cats were allowed to heal for 10 to 14 days prior to processor activation.
The implant was programmed in a fashion similar to that used at The Listening Center at Johns Hopkins Hospital for prelingual human infants. The goal of an initial programming session was to define the parameters of the continuous interleaved sampling program strategy (active electrodes and corresponding maximum comfortable current levels [Mlevels]) that would be used in the speech processor for the individual kitten. Because verbal communication was impossible, we used behavioral cues such as pupil dilation, pinna movements, tail flicks, pinna flattening, and escape maneuvers to determine threshold and maximum levels for each functional electrode. Responses generally occurred in the above sequence in response to increased current levels, although pupil dilation was observed only in naïve kittens on their first day of stimulation.
Electrodes that did not elicit these behaviors, or that resulted in involuntary muscle movements as the first response, were turned off. Frequently, electrodes with very high impedance could not be driven to produce effective stimuli. A series of intracochlear-evoked potentials was recorded for each electrode using the Clarion II devices. Most functioning electrodes displayed a neural response following the stimulus artifact in this measure (Figure 7) . Four to 6 monopolar electrodes were activated for each cat.
After speech processor activation, the cats spent 7 hours per weekday in the laboratory wearing the magnetic headpiece transmitter and processor backpack (Figure 8 ). Significantly, the cats tolerated the magnetic headpiece when the implant was functioning. Minimal restraining devices, such as large collars, were needed for some animals. Cats with implants in place were housed together while wearing the processor without difficulty. They were observed to shake the headpiece off when the batteries were depleted or the device was disconnected.
RESULTS
After a brief training period, the cats responded to a complex sound that was followed by a special food reward. This response included arousal from sleep, pinna movements, vocalization, movement to the door of the cage, and attention to humans in the room. Such behaviors were not reliably observed following other sounds. Similar behavior can be elicited in deaf cats using a hand signal in place of a sound. We excluded the possibility that the cat was responding to a visual cue by recording the sound and playing it from a laptop computer hidden from the cat's view. This and other sounds were played by an unfamiliar experimenter and by visitors to the laboratory. Only the trained sound could elicit these behaviors in the cats. This sound was used daily to confirm that the cat was receiving stimulation.
Finally, we recorded electrically evoked auditory brainstem responses (EABRs) from some of the animals. The EABR waveforms recorded from our congenitally deaf cats with implants had the same number of peaks as those of normal-hearing cats that were deafened and immediately subjected to electrical stimulation (Figure 9 ). 20 This measure was an additional verification that the central auditory system was stimulated in these cats. One important difference emerged, however, when the latency to each peak was analyzed. Compared with the EABR peaks evoked from normal cats, those of our subjects were delayed by approximately a quarter of a millisecond. It may be that such delays are due to synaptic abnormalities in the central pathways. 17 In summary, we used an off-the-shelf cochlear implant to restore hearing in 5 congenitally deaf cats. Cats received behaviorally relevant auditory stimulation, which they used to gain information about their environment. The stimulation of these cats was comparable to that received by human Clarion II implant users who choose the high-resolution continuous interleaved sampling programming strategy. This experimental paradigm, combined with our previous work in describing the synapses of congenitally deaf animals, will allow us to ask significant questions about the efficacy of human cochlear implants in restoring normal synapse function in the central nervous system.
COMMENT
Several groups have examined the effects of cochlear implantation on the central nervous system. [21] [22] [23] Deafness causes a reduction in cochlear nucleus (CN) volume due to neuronal atrophy in deaf animals. Most groups found no difference between the CN ipsilateral and contralateral to the cochlear implant or in the CN Similarly, CN volume and cell size did not change in adult patients treated with cochlear implants for adult-onset deafness. 22 However, some animal models have shown increased neuron size in the anteroventral CN ipsilateral to a cochlear implant. 23 The abnormalities observed in the endbulbs of Held in murine and feline models of profound congenital sensorineural deafness are likely to affect higher auditory structure and function. In fact, important changes have been shown in higher auditory centers due to deafness. Auditory cortex is directly involved in speech perception and language processing in humans, which makes it an appropriate place to investigate changes related to deafness and cochlear implantation. If the synaptic abnormalities observed in deaf animals persist in cats after the animals receive cochlear implants, these abnormalities may represent the structural substrate that accounts for suboptimal outcomes observed in some cochlear implant users. We are currently undertaking a quantitative analysis of these data.
Our current research will attempt to answer questions regarding the effects of electrical stimulation on the deaf auditory system. We intend to determine some of the boundary conditions for defining critical developmental periods in the auditory system and, particularly, to determine the limits of synaptic plasticity in endbulbs. Ultimately, these data could provide insight into cellular mechanisms that underlie the variable outcomes observed in people with cochlear implants. Understanding synaptic plasticity in the auditory pathway is particularly important because it might reveal how information provided by a multichannel cochlear implant is organized to yield the effective use of spoken language. . Neural response telemetry from a cat with a cochlear implant. Intracochlear-evoked potentials were recorded from the Clarion II device (Advanced Bionics Corporation, Sylmar, Calif) . A 32-millisecond biphasic current was applied, and the changes in electrical potential at another contact on the array were averaged over 10 to 100 repetitions. A graded series of potentials evoked with increasing stimulus magnitude is shown. Note that the clipped stimulus artifact remains constant, while the peaks corresponding to neural activity in the cochlea between 200 and 800 milliseconds after stimulus onset grow with the size of the stimulus. Delays Between Peaks * Figure 9 . Electrically evoked auditory brainstem response (EABR) of a cat with a cochlear implant compared with that of a normal cat. Electrically evoked surface potentials reveal that the 5 positive peaks in the waveform of deaf white cats correspond to those found with acoustically and electrically evoked potentials in normal-hearing cats. 20 A 32-millisecond biphasic current pulse was applied, and the potential difference between scalp electrodes was averaged over 1000 repetitions. When the first peaks, attributed to the auditory nerve response, are aligned (shown at the asterisk), delays in the later peaks are revealed that might be due to synaptic abnormalities in the central auditory pathways. 17 Reproduced with permission from Stypulkowski and van den Honert. 20 (REPRINTED) ARCH OTOLARYNGOL HEAD NECK SURG/ VOL 130, MAY 2004
